Abstract. Matrix metalloproteinases (MMPs) are a family of calcium-dependent zinc-containing endopeptidases, which play an integral role in migration and invasion of ovarian cancer. Rac1 proteins might mostly influence cell migration and invasion by generating endogenous reactive oxygen species. Therefore, inhibiting MMPs and regulating the Rac1/ ROS/MAPK/AP-1 pathway may be a new therapeutic strategy for ovarian cancer. In this study, we found that rhein could suppress the invasion and migration of SKOV3-PM4 cells with characteristics of directional highly lymphatic metastasis. Phorbol 12-myristate 13-acetate (PMA), which is a Rac1 activator, significantly enhanced the expression levels of MMP-2, -3, -9 and -19 proteins, whereas the results of rhein and Rac1 inhibitor NSC23766 were just the opposite. The inhibitory effects of rhein were associated with the upregulation of tissue inhibitors of metalloproteinase (TIMP)-1, TIMP-2 and NM23-H1. Subsequent mechanism studies revealed that rhein reduce the production of reactive oxygen species (ROS) and lower NADPH oxidase activity. Furthermore, rhein significantly inhibited JNK, AP-1 phosphorylation in the cells treated with PMA. The results obtained from the cells treated with NSC23766 alone or NSC23766 combined with rhein, were consistent with rhein treatment alone. Taken together, these results indicate that rhein may be a potential inhibitor of Rac1 and can inhibit the migration and invasion of SKOV3-PM4 cells through modulating matrix metalloproteinases and RAC1/ROS/MAPK/AP-1 signaling pathway-associated proteins.
Introduction
Rac1, an important member of the small G protein family, influences cell migration and invasion by generating endogenous reactive oxygen species (ROS) (1, 2) . ROS, mainly generated from the NADPH oxidase, the cytochrome p450 and the mitochondrial electron transport system, are well known to regulate a variety of intracellular signal transduction pathways to mediate various biological responses, including cell proliferation, invasion and angiogenesis (3) . Previous studies have reported NADPH oxidase catalytic subunit gp91phox and its homologues, the NOx family proteins, occur a series of changes and then transfer electrons through the plasma membrane to produce ROS, when the resting cell is stimulated by any of the variety of stimuli (4) . Excessive ROS activate downstream signaling pathways to regulate expression of MMPs (5) . Invasion and metastasis are fundamental properties of various malignant cancer cells. MMPs, a family of zinc-dependent endopeptidases, induce cancer cell invasion and spread through the degradation of the extracellular matrix (ECM) and the basal membrane (6) . A balance between extracellular matrix (ECM) deposition and matrix destruction is important for maintaining normal tissues architecture and integrity. This balance is modulated by MMPs and their tissue inhibitors (TIMPs). MMP-2 (gelatinase-A) and MMP-9 (gelatinase-B) are essentially associated with elevated malignant cancer presence (7, 8) . MMP-3 plays a critical role in glioma invasiveness via degradation of hyaluronic acid-rich matrix of the brain (8) . Research has shown that MMP-7 is overexpressed in epithelial ovarian cancer and triptolide inhibited the migration and invasion by repression of the expression of MMP-7 and MMP-19 in ovarian cancer SKOV3 cells (9) . Based on these findings, controlling MMP expression has been proposed as an important therapeutic means for malignant tumor treatment and Rac1 has a number of downstream effectors including MMPS, ROS and mitogenactivated protein kinases (MAPK) (10, 11) . Therefore, RAC1 as a target is essential to control the migration and invasion of tumors.
Rhein (4,5- (12, 13) , anti-inflammatory in LPS-activated macrophages (14) and antimicrobial activities (15) . In addition, rhein exerts its anticancer effects via the modulation of processes of cellular proliferation (13), apoptosis, migration, and invasion (16) . Earlier studies have demonstrated that rhein inhibited metastasis and invasion in human tongue cancer SCC-4 cells through downregulation of expression level of MMP-2 protein, and restrain the phosphorylation of c-Jun protein and c-Jun NH2-terminal kinase (JNK) and p38 kinase (17) . Rhein in mouse skin JB6 epithelial cells inhibited 12-O-tetra-decanoylphorbol-13-acetate (TPA)-induced AP-1 activity and cell transformation by blocking JNK-dependent pathway, but did not restrain the phosphorylation of ERK and p38 MAPK (18) . These data indicate that rhein may be another important component in rhubarb possessing antitumor activity. Our research group found earlier (19) that rhein possess obvious growth inhibition on SKOV3-PM4 cells with directional highly lymphatic metastasis, but the underlying mechanisms of cell migration and invasion involved in the signal transduction pathway have not been elucidated. In this study, we demonstrated that rhein shows great inhibition of PMA-stimulated SKOV3-PM4 cell proliferation, migration and invasion by inhibiting the activity of Rac1 and its downstream ROS-dependent signaling pathway p38/JNK MAPK and decrease the expression level of transcriptional factor activator protein-1 (AP-1).
Materials and methods
Reagents. Rhein was purchased from Langze (Nanjing, China); phorbol 12-myristate 13-acetate (PMA, Cayman, MI, USA) and NSC 23766 (Selleck, Shanghai, China) were used as Rac1 activator and Rac1 inhibitor, respectively.
Cell culture and drug treatments. Human SKOV3-PM4 cell line was provided by the Oncology Laboratory at the Experimental Center of Guangxi Medical University (Nanning, China) and maintained in RPMI-1640 (Gibco; Life Technologies, Gaithersburg, MA, USA) supplemented with 10% fetal calf serum (Gibco) and 1% penicillin-streptomycin and then incubated at 37˚C with 5% CO 2 humidified atmosphere (20) . The medium was changed every 2 days. PMA can activate the NADPH oxidase activity and NSC23766 inhibits its activity. No significant cytotoxicity to SKOV3-PM4 cells was found when the concentration of PMA and NSC23766 was 100 nM and 12.5 µM, respectively (21) . Considering that the inhibitory rate of SKOV3-PM4 cells treated with rhein alone was <20%, the concentration of rhein was chosen as ≤11.3 µM. In exponential growth phase, SKOV3-PM4s were divided into nine treatment groups: group I (control); group II (7.7 µM rhein); group III (11.3 µM rhein); group IV (100 nM PMA alone); group V (PMA plus 7.7 µM rhein) group VI (PMA plus 11.3 µM rhein); group VII (12.5 µM NSC23766 alone); group VIII (NSC23766 plus 7.7 µM rhein); group Ix (NSC23766 plus 11.3 µM rhein). Rhein was dissolved in dimethyl sulfoxide (DMSO) at a stock concentration of 176 mM. The final concentration of rhein was 0-20 µM with a maximal DMSO concentration <0.05% (DMSO has no effect on cell growth at a concentration <2%).
Cell proliferation assay. SKOV3-PM4 cells were allowed to grow in 96-well plates at 5,000 cells/well for 24 h and then treated with different concentrations of rhein, respectively. Forty-eight hours later, 20 µl of 5 mg/ml MTT solution was added to each well. The plates were incubated at 37˚C in 5% CO 2 for 4 h, then the supernatant was discarded and 150 µl DMSO was added to dissolve the formazan. The absorbance at a wavelength of 490 nm was measured using a microplate reader (Thermo Fisher Scientific Inc., Waltham, MA, USA). The percentage of inhibition was calculated as follows: % inhibi tion = [1-(mean A of sample/mean A of control)] x100%.
Wound healing assay. SKOV3-PM4 cells were seeded in the plates at a density of 1x10 5 /well and incubated for 24 h to form a monolayer with confluence. Cell motility was performed by wound healing assay. Briefly, the cells in the different groups, as described above, were scraped with a 10-µl pipette tip running through the center of the well and washed twice with PBS. RPMI-1640 medium with no serum treated in the different groups as described previously was added to the wells. SKOV3-PM4 cells were grown at 37˚C for indicated times and images were taken.
Cell invasion assay. The invasion ability of the SKOV3-PM4 was assessed using the Matrigel Invasion assay (SigmaAldrich, St. Louis, MO, USA). Briefly, cells were adjusted to a density of 5x10 3 cells/ml with a series of drug solutions, as described above. Subsequently, 200 µl of cell suspensions in serum-free RPMI-1640 medium from different groups was seeded into the upper chamber of the Transwell insert (8-µm pore size; Costar, Acton, MA, USA), and the RPMI-1640 medium containing 20% FBS was added to the lower chamber. Cells were removed following incubation for 48 h at 37˚C in 5% CO 2 . The Matrigel was wiped with a cotton swab and the cells were fixed with 95% ethanol for 20 min prior to staining with 2% crystal violet. Also, cells were imaged and counted under a light microscope.
Nitroblue tetrazolium assay. The SKOV3-PM4 cells were seeded in 6-well plates and treated with drugs as previously described. In brief, cells in different groups were harvested by centrifugation and incubated in nitroblue tetrazolium (NBT) solution (2 mg/ml, Solarbio, Beijing, China) for 20 min at 37˚C. Subsequently, 200 µl HCl (1 mol/l) was added at 4˚C to terminate the reaction. After centrifugation, the supernatant was discarded and 100 µl DMSO was added to solubilize the formazan crystals. The solute was transferred to a 96-well plate and then mixed thoroughly before reading on a microplate reader at 570 nm (Thermo Fisher Scientific, Inc.). The NADPH oxidase activity was expressed as: (mean A of sample/mean A of control) x100%.
ROS production. The level of oxygen-free radical was determined by flow cytometry using 2' ,7'-dichlorodihydrofluorescein diacetate (DCFH-DA, Sigma). SKOV3-PM4 cells in different groups were incubated with DCFH-DA in RPMI-1640 media (1:2,000, Abcam) were used. After washing three times at 10-min intervals with PBST, anti-rabbit antibody solution (1:5,000 Abcam) was added to the membrane for 2 h. The secondary antibody solution was washed three times with PBST (each wash for 10 min at room temperature). The PBST was discarded and the membranes were scanned using the Odyssey infrared imaging system (LI-COR, Lincoln, NE, USA). The intensity of protein staining was determined with Quantity One software.
Statistical analysis. All experiments were performed at least in triplicate and repeated three times. Unless otherwise indicated, the results are expressed as the mean ± standard deviation (SD). Statistical analysis was performed by SPSS 16.0 (IBM Corp., Armonk, NY, USA). The results from the nine groups were compared by one-way analysis of variance (ANOVA) and two-way ANOVA was used for comparison of two independent variances among groups. For all statistical analyses, differences were considered to be statistically significant at P<0.05.
Results

Proliferation of SKOV3-PM4 cells was suppressed by rhein.
The effect of rhein on the proliferation of SKOV3-PM4 cells was investigated by MTT assay. The inhibition ratio of the SKOV3-PM4 cells exposed to different concentrations of rhein is shown in Fig. 1 . The results showed that rhein could significantly inhibit the proliferation of SKOV3-PM4 cells in a dose-dependent manner, with IC 50 values of 35.2 µM. Non-toxic concentration of rhein was <12 µM. So we selected 7.7 and 11.3 µM rhein as the experimental concentration.
Rhein suppresses migration and invasion in SKOV3-PM4 cells.
To investigate the effects of rhein on SKOV3-PM4 cell migration and invasion, the wound healing assay and the Matrigel-based Transwell invasion assay were performed. As shown in Fig. 2A and B, compared with control cells, PMA can enhance the ability of SKOV3-PM4 cell migration, but NSC23766 has no effect. Rhein significantly inhibited SKOV3-PM4 cell migration (P<0.01). The ability of SKOV3-PM4 cell migration was suppressed by treatment with PMA combined with rhein. NSC23766 plus rhein significantly inhibited the migration of SKOV3-PM4 cells compared to the control (P<0.01). In addition, the results of the wound healing assay were consistent with the Matrigel-based Transwell invasion assay (Fig. 2C and D) . Taken together, rhein markedly inhibited cell migration and invasion, suggesting that rhein is an effective inhibitor for ovarian carcinoma cell invasion, migration and metastasis.
Rhein participates in NADPH oxidase deactivation. It is known that NADPH oxidase plays an important role in activating the generation of ROS (3, 4) . Rac1 can activate NADPH oxidase which results in corresponding cellular effects (2-4). An NBT assay (Fig. 3) demonstrated that Rac1 activator PMA remarkably increased the activity of NADPH oxidase (P<0.01), but in the cells treated with rhein (7.7/11.3 µM) alone, PMA plus rhein (11.3 µM) and NSC23766 plus rhein (7.7/11.3 µM), the activity of NADPH oxidase significantly decreased compared to the control (P<0.01). PMA significantly increased the activity of NADPH oxidase and this effect was also attenuated by rhein. Thus, NADPH oxidase induced by PMA can be suppressed by rhein.
Rhein downregulates migration and invasion of SKOV3-PM4 cells by scavenging intracellular reactive oxygen species (ROS)
. ROS contribution to cell migration and invasion has been well documented (22) . We therefore, speculated that rhein might suppress SKOV3-PM4 cell migration via scavenging ROS. Here, the generation of intracellular ROS was examined using a DCFH-DA probe. As shown in Fig. 4 , the level of ROS did not change significantly after cells treated with rhein alone, NSC23766 alone or with NSC23766 combined with rhein. However, PMA can remarkably increase the intracellular ROS production as compared to control cells (P<0.01). In cells treated with PMA combined with rhein, the ROS levels were downregulated clearly compared to cells treated with PMA alone (P<0.05).
Inhibitory effect of rhein on Rac1 activation stimulates expression of MMPs.
Previous studies reported that MMPs participate in the degradation of the extracellular matrix, which is believed to involve in the invasion and metastasis processes (23,24). Using western blot analysis, we found that in the cells treated with PMA, a Rac1 activator, the expression of MMP-9 in SKOV3-PM4 cells was upregulated, whereas the MMP-7 expression level was downregulated as compared to the control. The protein expression levels of MMP-2, -3, -7, -9 and MMP-19 in the cells treated with NSC23766 or rhein (11.3 µM) alone were remarkably reduced in comparison with the control, and their expression levels in the cells treated with PMA plus rhein (11.3 µM) also significantly reduced as compared to the cells treated with PMA alone. MMP-2, -3, -7, -9 and MMP-19 expression levels in the cells induced by NSC23766 combined with rhein were greatly lower than those in the cells induced by NSC23766 alone. NM23-H1 expression level was downregulated in the cells treated with PMA, whereas NM23-H1, TIMP-1 and TIMP-2 expression levels had no significant change in the cells treated with NSC23766 as compared to the control. In the cells induced by rhein, whether high or low concentration of rhein, the protein expression levels of NM23-H1, TIMP-2 and TIMP-1 were significantly enhanced as compared to the control. Similar results were also observed in the cells treated with rhein combined with NSC23766.
Rhein attenuates the increase of JNK and p38 expression and phosphorylation induced by ROS.
It was reported that transcription factor AP-1 is regulated by MAPK and AP-1 is also known to be a key transcription factor of MMPs (22, 25, 26) . Woo et al reported that activation of one or more MAPK pathways was often associated with the MMP expression in various cell types (26) . In order to explore the relationship among Rac1, MAPK and AP-1, we determined the relevant protein expression levels using western blot analysis. As shown in Fig. 6 , p-JNK and p-AP-1 expression levels were decreased in SKOV3-PM4 cells treated with rhein, whereas their expression levels were significantly enhanced in the cells treated with PMA. In the cells treated with NSC23766 alone, p-JNK and p-AP-1 expression levels decreased while JNK and AP-1 expression levels had no change. The p-JNK and p-AP-1 protein expression levels were both decreased in the cells induced by PMA combined with rhein as compared to PMA treatment alone. Similar results were also obtained in the cells treated with NSC23766 combined with rhein as compared to NSC23766 treatment alone. The protein expression levels of p38, p-p38 and JNK did not significantly change in any treatment group, except for rhein plus NSC23766 group. AP-1 expression level did not change in any treatment group. A stronger protein phosphorylation of JNK and AP-1 could be induced by a high concentration of rhein (11.3 µM), whether or not combined with NSC2376, as compared to the control group.
Discussion
Ovarian cancer is one of the most common malignant tumors of female reproductive system. Ovarian cancer is a highly metastatic disease with a lack of early clinical symptoms and effective diagnosis measures. Therefore, the 5-year survival rate is about 30-40% and the survival rate of patients with advanced stage ovarian cancer is still less than 20% (27) . Ovarian cancer metastasis and diffusion include direct spread, lymph node metastasis, hematogenous metastasis and implantation metastasis (20) , while lymph node metastasis is one of the most important indicators of biological characteristics in ovarian cancer patients (28, 29) . Ovarian cancer remains a formidable treatment challenge, as most patients with ovarian carcinoma are diagnosed at advanced stage of disease (30) . Therefore, it is important to study the molecular mechanism of invasion and metastasis of ovarian cancer cells and there is an urgent need to develop effective therapeutic drugs for advanced stage ovarian cancer to inhibit lymph node metastasis of the ovarian cancer cells, which is of great significance to improve the quality of life of patients with advanced cancer. Many studies have shown that rhein possess potent antioxidant and antiproliferative effects on various cancer cells (15) . Furthermore, it has been shown that rhein induced apoptosis in SCC-4 cells (17) . In our study, the results also showed that rhein significantly inhibited the migration and invasion of SKOV3-PM4 cells (Fig. 2) . These findings suggest that rhein may be a powerful candidate agent to prevent ovarian cancer metastasis. However, the underlying mechanisms of the inhibition of SKOV3-PM4 cell invasion by rhein are not yet completely elucidated. Therefore, further studies are required.
The migration of cancer cells is pivotal for cancer invasion and metastasis (10, 11, 22) . Cancer malignancy is proportional to the ability of cancer cell migration. Initially, we measured the effect of rhein on cell proliferation. As shown in Figs. 1B and 2, rhein can markedly inhibit not only the growth of SKOV3-PM4 cells but also the invasive and migration ability of these cells with a low-toxic concentration (12 µM) in vitro. Our findings also showed that rhein could decrease the expression levels of tumor metastasis-associated proteins such as MMPS family (Fig. 5) , suggesting that the inhibitory effect of rhein on SKOV3-PM4 cell invasiveness is via decreased production of tumor metastasis-related proteins.
Rac1 is well recognized to play a key role in malignant tumor progression including migration, lamellipodia formation and cytoskeleton organization (10) . Rac1 has a large number of downstream effectors and so it is critical to inhibit the invasion of the tumors as important targets. It is well known that Rac1 is the upstream signaling protein for NADPH oxidasemediated ROS production (31) . Of note, non-mitochondrial NADPH oxidase is the major source of PMA-induced ROS in these tumor cells and has regulating roles in various physiological and pathological processes (3, 4, 32, 33) . Here, we found that after PMA, activating Rac1 increased the levels of intracellular ROS indirectly, which induced activation of MAPK that contributes to cell migration and invasion. We also used NSC23766 to perform the same experiments. NSC23766, Rac1 inhibitor, inhibited Rac1 expression and disrupted the microfilament skeleton rearrangement (34) , as well as in cell functioning, including cell growth, adhesion, migration and gene transcription. Consistent with our findings rhein and NSC23766 suppress the MAPK signaling responsible for migration and invasion of SKOV3-PM4 cells through the reduction of Rac1-mediated ROS. Here, incubation with NSC23766 demonstrated that ROS are also fundamental for MMP-mediated invasion by SKOV3-PM4 cells (Fig. 5) .
There is substantial evidence showing that the ROS mediated MMP gene expression and regulated downstream signal molecules, which are involved in tumor invasion of mitogen activated protein kinase (MAPK) including serine/threonine kinases consisting of the c-Jun N-terminal kinases (JNKs), the extracellular signal-regulated kinases (ERKs) and the p38 kinase (22, 35) . It was reported that the transcription of MMP gene is regulated by upstream regulatory elements, including NF-κB and AP-1 binding sites (26, 36) . However, AP-1 is an essential transcriptional factor for the regulation of the MMP gene expression (36, 37) . It has been reported that AP-1 tra nscription modulate the expression of c-Fos in the gastric cancer cells (37) . Some previous literature also reported in gastric cancer AGS cells that JNK is critically required for c-Jun activation, while ERK is the critical kinase for c-Fos activation (23). Since we discovered that JNK1/2 and P38 played essential roles in MMP expression via AP-1, we hypothesized that rhein may work through an inhibition of JNK1/2 or p38 to suppress MMP expression via AP-1. To verify our hypothesis, western blotting was performed to determine the effect of rhein on JNK1/2 or p38 phosphorylation. As shown in Fig. 6 , our data showed that the PMA treatment led to a remarkable increase in JNK1/2 and AP-1 phosphorylation, while in the presence of PMA plus rhein JNK1/2 and AP-1 phosphorylation was clearly inhibited. Rhein and NSC23766 significantly reduced the phosphorylation of JNK and AP-1 expression in the cells treated with PMA. Based on the above conclusion, rhein suppressed mechanism of MMPs through the inhibition of the Rac1-ROS-p38/JNK MAPK-AP-1 signaling axis.
In conclusion, this study demonstrates that the reduction in the metastasis ability of rhein is at least partly due to the inhibition of the Rac1/ROS/MAPK/AP-1 pathway signaling and the decreased MMP expression. The critical role that we found for Rac1 in MMP activation, makes Rac1 attractive as a potential pharmacological target for antitumoral therapy in ovarian cancer. Therefore, our data collectively suggest that rhein may be a potential therapeutic agent for controlling ovarian cancer metastasis.
